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Abstract 

This study focuses on the combustion kinetics and particle fragmentation of raw and torrified pine shells 
and olive stones in a drop tube furnace (DTF). The two biomass fuels studied have been torrified in a 
nitrogen inert atmosphere at 280-300 °C. Both raw and torrified biomass fuels were then burned in the 
DTF. The data reported includes gas temperature and particle burnout measured along the DTF for five 
furnace temperatures (900, 950, 1000, 1050 and 1100 °C). In addition, measurements of particulate matter 
(PM) concentrations and size distributions were made for all the biomass fuels at 1100 °C in the middle and 
near the exit of the DTF. The results showed that: (1) The high heating value of the torrified biomass fuels 
are higher than those of the raw biomass fuels; specifically, for pine shells it increased by 25% and for olive 
stones by 18%; (2) in contrast with the torrefied olive stones, the torrified pine shells require similar 
residence times to attain overall burnout values comparable to those of the untreated material; (3) the 
kinetic data for both fuels, raw and torrified, indicates that the torrefaction reduces the activation energy 
of the present biomass chars; and (4) torrefaction does not promote particle fragmentation even for 
biomass fuels that present high tendency for it. 

© 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 


Keywords: Drop tube furnace; Pine shells; Obve stones; Torrefaction; Combustion kinetics; Particle fragmentation 


1. Introduction 

Biomass is one of the most favourable alterna¬ 
tives to coal in energy production. In a World dri¬ 
ven by the environmental impact of fossil fuels, it 
is necessary to continuously improve the biomass 
characteristics in order to overcome drawbacks 
such as its hydrophilic nature, low heating value. 
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and high specific energy required in grinding, 
among others. These drawbacks can be overcome 
with pre-treatments such as torrefaction. Torre¬ 
faction is a thermo-chemical treatment of biomass 
in an inert atmosphere at temperatures between 
250 and 300 °C. During this process the water 
present in the biomass evaporates and its hemicel- 
lulose content reduces yielding a gas consisting of 
H 2 0, CO, C0 2 and various organic acids. This 
gas mass flow is typically 20% of the dry input 
material, while its energy content is only 10%. 
As compared with the raw biomass, the torrified 
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product has lower H/C and O/C ratios, higher 
energy density and better grindability and hydro- 
phobic properties [1-7], which makes torrified 
biomass an excellent fuel, especially for co-firing 
in coal-fired power plants. 

Studies on the combustion characteristics of 
torrified biomass are scarce [e.g., 8-11] and, when 
reported, have concentrated mostly on qualita¬ 
tive aspects, with very little emphasis on the more 
fundamental aspects of its combustion behaviour 
such as combustion kinetics or particle fragmen¬ 
tation. To help redress this problem, the main 
objective of this study is to examine the combus¬ 
tion kinetics and particle fragmentation of raw 
and torrified biomass in a drop tube furnace 
(DTF). Two biomass fuels were studied, namely 
pine shells and olive stones, which have been 
torrified in a nitrogen inert atmosphere at 
280-300 °C. Both the raw and torrified biomass 
fuels were then burned in the DTF. The data 
reported includes gas temperatures and particle 
burnout measured along the DTF for five fur¬ 
nace temperatures ( T w = 900, 950, 1000, 1050 
and 1100 °C), which allowed to derivate the 
kinetic parameters (pre-exponential factor and 
activation energy) for the devolatilization and 
char combustion of the raw and torrified bio¬ 
mass. In addition, measurements of particulate 
matter (PM) concentrations and size distributions 
were made for all the biomass fuels at 1100 °C in 
the middle and at the exit of the DTF in order to 
evaluate the impact of the torrefaction on parti¬ 
cle fragmentation. 


2. Materials and methods 

2.1. Drop tube furnace 

Figure 1 shows a schematic of the DTF used in 
this study, which has been described in greater 
detail elsewhere [12,13], The combustion chamber 
of the DTF is an electrically heated ceramic tube 
with an inner diameter of 38 mm and a length of 
1.3 m. The furnace wall temperatures are continu¬ 
ously monitored by eight type-K thermocouples 
uniformly distributed along the combustion 
chamber. A water-cooled injector, placed at the 
top of the DTF, is used to feed the solid fuels 
and the air to the combustion chamber. A twin 
screw volumetric feeder transfers the pulverized 
solid fuels to an ejector system from which the 
particles are gas-transported to the water-cooled 
injector. 

2.2. Experimental methods 

Local mean temperature measurements along 
the combustion chamber axis were obtained using 
76 pm diameter fine wire platinum/platinum: 
13% rhodium (type-R) thermocouples. The hot 



Fig. 1. Schematic of the DTF and auxiliary equipment. 


junction was installed and supported on 350 pm 
wires of the same material located in a twin-bore 
alumina sheath with an external diameter of 
5 mm. The temperature measured with an exposed 
thermocouple is the gas temperature biased by the 
furnace wall temperature so that the “true” 
temperature was estimated based on an energy 
balance on the thermocouple bead [13]. It was 
estimated that the measured gas temperature will 
not exceed the “true” gas temperature by more 
than 20 °C. This is a type B uncertainty of the 
GUM (Guide for Uncertainty Measurements) 
notation. 

Particle sampling along the combustion cham¬ 
ber axis was performed with the aid of a 1.5 m long, 
water-cooled, nitrogen-quenched stainless steel 
probe [12], The probe (see Fig. 1) comprised a cen¬ 
trally located 3 mm inner diameter tube, through 
which quenched samples were evacuated with the 
aid of a pump. The quenching of the chemical reac¬ 
tions was achieved by direct injection of nitrogen 
jets through small holes very near to the probe 
tip. The tube for nitrogen delivery was surrounded 
by two concentric tubes for probe cooling. On leav¬ 
ing the probe, the solid samples were collected in a 
Tecora total filter holder equipped with a quartz 
microfiber filter. Subsequently, the collected solid 
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samples were placed in an oven at approximately 
105 °C to dehydrate. Complete dehydration was 
ascertained by repeated drying and weighing of 
the sample until the measured mass became con¬ 
stant. The ash content in the solid samples was 
finally evaluated following the procedures 
described in the standard CEN/TS 14775. Particle 
burnout data were obtained as follows: 



where f is the particle burnout, ay-is the ash weigh 
fraction in the input biomass fuel, and a> x is the 
ash weigh fraction in the char sample. 

Uncertainties in char burnout calculations 
based on the use of ash as a tracer are related to 
ash volatility at high heating rates and tempera¬ 
tures and ash solubility in water. Our best esti¬ 
mates indicated that the uncertainties in char 
burnout calculations using ash as a tracer in the 
present work were negligible [13]. 

Particulate matter (PM) concentrations and 
size distributions were made with the aid of a 
low pressure three-stage cascade impactor (LPI, 
TCR Tecora). PM was sampled isokinetically 
from the centreline of the combustion chamber 
of the DTF using the water-cooled, nitrogen- 
quenched stainless steel probe referred to above. 
The LPI used allowed collecting three particulate 
cut sizes during the same sampling: PM with 
diameters above 10 pm (PM10), PM with diame¬ 
ters between 2.5 and 10 pm, and PM with diame¬ 
ters below 2.5 pm (PM2.5). In order to avoid 
condensation along the line connecting the probe 
outlet to the impactor inlet and also inside the 
impactor, a heating jacket (model Winkler 
WOTX1187) was used during sampling. PM was 
collected on quartz microfiber filters, which were 
dried in an oven and weighted before each test. 
After each test, the filters were again dried, to 
eliminate moisture, and weighted to determine 
the quantity of PM captured. 

2.3. Test conditions 

The solid fuels studied in this work included 
raw and torrified pine shells and olive stones. Both 
raw biomass fuels were sieved to 1 mm size and 
the particle size distribution measured using the 
Malvern 2600 Particle Size Analyzer. The biomass 
fuels were torrified in an insulated stainless steel 
container through which 3 L/min of nitrogen at 
310 °C was passed during 1 h. During the process 
the biomass temperature varied between 280 and 
300 °C. Table 1 shows the properties of the raw 
and torrified biomass fuels, including the fuel 
ashes composition. The table includes the proper¬ 
ties of a United Kingdom bituminous coal for 
comparison purposes. Note that the particle size 
distribution of the torrified biomass fuels were 


similar to those of the raw biomass fuels as indi¬ 
cated by the measurements performed with the 
aid of the Malvern Analyser. Moreover, particle 
shapes of the raw and torrified biomass fuels 
have been examined with the aid of a scanning 
electron microscope and no significant differences 
between them were noticed. 

In this study, measurements were carried out 
for all biomass fuels for DTF wall temperatures 
of T w = 900, 950, 1000, 1050 and 1100 °C, and 
inlet air at room temperature. The solid fuels feed 
rate was around 23 g/h and the total air flow rate 
was 4 L/min. The initial particle velocity was 
estimated, from the inlet air flow at room temper¬ 
ature, to be ~0.3 m/s. 


3. Results and discussion 

3.1. Raw versus torrified biomass fuels 

Table 1 shows the properties of the raw and 
torrified biomass fuels. As expected, torrefaction 
significantly reduced the moisture content of the 
biomass fuels; specifically, from 13.9 to 1 wt% 
for the pine shells, and from 9.4 to 0.3 wt% for 
the olive stones. Table 1 also reveals that the high 
heating value (HHV) increased significantly with 
torrefaction; specifically, from 18.82 to 
23.52 MJ/kg for the pine shells, and from 17.54 
to 20.67 MJ/kg for the olive stones. Figure 2 
shows the van Krevelen diagram of the biomass 
fuels and bituminous coal. It is clear that the H/ 
C atomic ratio correlates well with the O/C atomic 
ratio (correlation coefficient of R 2 = 0.9476) and 
that the torrefaction decreases both the oxygen 
and hydrogen contents of the raw biomass fuels 
approaching them towards those of coal. 

3.2. Gas temperature and particle burnout 

Figure 3 shows the temperature profiles along 
the axis of the DTF for all solid fuels and reactor 
wall temperatures studied. In the near burner 
region the raw biomass fuels present slightly 
higher temperatures than the torrified biomass 
fuels because of the more intense devolatilization 
and combustion rates associated to the raw mate¬ 
rials. As the axial distance from the burner (x) 
increases the differences between the measured 
temperatures diminish. 

Figure 4 shows the particle burnout profiles 
along the axis of the DTF for all solid fuels and 
reactor wall temperatures studied. Note that due 
to the high volatile matter content of the raw 
and torrified biomass fuels most of the data refer 
to the devolatilization process. Consistently with 
the measured temperatures (Fig. 3), Fig. 4 reveals 
that the particle burnout values in the near burner 
region are higher for the raw biomass fuels than 
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Table 1 

Properties of the raw and torrified biomass fuels. Coal is included for comparison purposes. 


Parameter 

Pine shells 


Olive stones 


Coal 


Raw 

Torrified 

Raw 

Torrified 


Proximate analysis (wf/o, as received) 
Volatiles 

58.9 

69.4 

57.8 

60.6 

44.6 

Fixed Carbon 

25.9 

27.6 

19.7 

23.1 

51.4 

Moisture 

13.9 

1.0 

9.4 

0.3 

1.7 

Ash 

1.3 

2.0 

13.1 

16.0 

2.3 

Ultimate analysis (wf/o, daf) 

Carbon 

47.8 

54.4 

43.2 

47.8 

79.3 

Hydrogen 

5.6 

5.5 

5.6 

5.1 

5.9 

Nitrogen 

0.3 

0.4 

1.9 

2.3 

1.9 

Sulphur 

0.0 

0.0 

0.0 

0.0 

0.5 

Oxygen 

46.3 

39.7 

49.3 

44.8 

12.4 

High heating value (MJIkg) 

18.82 

23.52 

17.54 

20.67 

35.04 

Ash analysis (wf/o, dry basis) 

Si0 2 

9.6 


30.4 


39.4 

ai 2 o 3 

11.9 


10.6 


23.2 

Fe 2 0 3 

2.1 


9.9 


24.7 

CaO 

50.9 


9.9 


3.5 

so 3 

2.0 


0.7 


1.5 

MgO 

12.1 


7.2 


1.0 

Ti0 2 

0.0 


0.9 


1.7 

P2O5 

5.6 


7.4 


0.2 

k 2 o 

4.1 


18.7 



Na 2 0 

0.8 


2.9 


2.6 

Other oxides 

0.9 


1.4 


1.0 

Particle size (ftm) 

Under 30 

13.6 


9.9 


38.4 

Under 70 

28.5 


17.5 


61.4 

Under 100 

34.7 


21.3 


69.9 

Under 300 

53.1 


37.1 


94.2 

Under 500 

67.0 


49.8 


100 

Under 1000 

95.1 


94.1 


100 

Under 2000 

100 


100 


100 



0.00 0.20 0.40 0.60 0.80 1.00 1.20 

O/C 


Fig. 2. Van Krevelen diagram of the biomass fuels and 


for the torrified biomass fuels, with the differences 
diminishing as x augments. 

Figure 4 also shows that the raw pine shells 
present the higher particle burnout values regard¬ 
less of the reactor wall temperature. Specifically, 
at x = 200 mm the raw pine shells burnout varies 


from -63% at 900 °C to -79% at 1100 °C, and at 
x — 1100 mm it varies from -95% at 900 °C to 
-99% at 1100°C. The corresponding values for 
the torrified pine shells are —37% and —69% at 
x = 200 mm, and -85% and -99% at 
x= 1100 mm. These results indicate that, despite 
the lower initial burnout rates, the torrified pine 
shells do not require longer residence times to 
attain overall burnout values comparable to those 
of the untreated material. 

Both the raw and torrified olive stones present 
particle burnout values significantly lower than 
those of the raw and torrified pine shells, respec¬ 
tively. Figure 4 indicates that at x = 200 mm the 
raw material burnout varies from —5% at 900 °C 
to -27% at 1100 °C, and at x = I I00 mm it varies 
from -69% at 900 °C to -94% at 1100 °C. The 
corresponding values for the torrified olive stones 
are -1% and -15% at x = 200 mm, and -63% 
and —86% at x = 1100 mm. In this case, therefore, 
the torrified olive stones require longer residence 
times to attain overall burnout values comparable 
to those of the raw material. 










F.F. Costa et al. I Proceedings of the Combustion Institute 35 (2015) 3591-3599 


3595 



Axial distance (mm) Axial distance (mm) 

Fig. 3. Temperature profiles along the axis of the DTF (a) pine shells, (b) torrified pine shells, (c) olive stones, and (d) 
torriiied olive stones. 



Fig. 4. Particle burnout profiles along the axis of the DTF (a) Pine shells, (b) torrified pine shells, (c) olive stones, and (d) 
torrified olive stones. 


3.3. Combustion kinetics 




The adopted model for the particle devolatil¬ 
ization was the single first order model expressed 
as [14]: 


r = *v( 1 -*) 


K v = A v e-& 

Equation (2) can be written as follows: 


Ey 

RT 


+ Ln (A v ) 


(3) 


( 2 ) 


(4) 
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where ^ stands for the volatile release with time, i// 
is the particle burnout, and E v and A v represent 
the activation energy and the pre-exponential fac¬ 
tor for the devolatilization, respectively. 

Similarly, for the char combustion [13]: 


dt 


= -AK,l\ h 


(5) 




( 6 ) 


Equation (5) can be written as follows: 

Ln (^)--^ +Lll( ' 4J <7 » 
where ^ is the mass loss of the particle with time, 
A is the particle area, Pq 2 is the partial pressure of 
the oxidant, E c is the activation energy for the 
char combustion of a given fuel, R is the universal 
gas constant, T is the particle temperature and A c 
is the pre-exponential factor for the char 
combustion. 
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Figure 5 shows the linear regression to evaluate 
the kinetic parameters along the DTF. The data 
points plotted in the various panels of Fig. 5 were 
calculated by applying either Eq. (4) or (7) between 
two consecutive measured (particle burnout) 
x-positions in the DTF. Table 2 lists the activation 
energies and the pre-exponential factors for four 
sections of the reactor, namely for 300 < x < 
500mm, 500 <x< 700mm, 700 <x< 900mm, 
and 900 < x < 1100 mm. In regard to the raw pine 
shells, the present activation energy data suggest 
that there are three different stages: a first devolatil¬ 
ization stage in the region 300 < x < 500 mm, a 
second devolatilization stage in the region 500 < 
x < 900 mm, and a third char combustion stage in 
the region 900 < x < 1100 mm (cf. Fig. 4). The tor- 
rified pine shells, however, presents only two stages, 
namely a devolatilization stage in the region 
300 < x < 700 mm and a char combustion stage in 
the region 700 < x < 1100 mm. This may be attrib¬ 
uted to the loss of the volatile matter during the 
torrefaction process, which reduced the extension 
of the devolatilization process and augmented the 
duration of the char combustion process. 

The activation energy data for the raw and 
torrified olive stones indicate a similar behaviour 
with three different stages for both fuels: a first 
devolatilization stage in the region 300 < x < 
700 mm, a second devolatilization plus char com¬ 
bustion stage in the region 700 < x < 900 mm, and 
a third char combustion stage in the region 
900 < x < 1100 mm (cf. Fig. 4). 

The present kinetic data for both fuels, raw 
and torrified, indicates that torrefaction reduces 
the activation energy of the studied biomass 
chars. Di Blasi [15] made a compilation of 
kinetic data for a range of biomass chars and 
found values for the activation energy between 
144 and 230 kj/mol, which are in line with the 
ones found in this study. The uncertainties in 
the activation energy are mainly associated with 
those from the temperature and burnout mea¬ 
surements. In the present study these led to 
uncertainties in the activation energy below 2% 
(see Table 2). 

3.4. Particle fragmentation 

Figure 6 shows the size-classified PM concentra¬ 
tions at x = 500 mm and at x = 1100 mm for a 
reactor wall temperature of T w = 1100 °C for the 
four biomass fuels studied. In the case of the raw 
pine shells (Fig. 6a) the particle burnout increases 
from 89.4% to 98.7% between x = 500 and 
1100 mm, while the PM below 10 pm (PM2.5 plus 
PM2.5-PM10) increases from 15% to 39%; in the 
case of the torrified pine shells (Fig. 6b) the burnout 
increases from 85.8% to 99.4% between x = 500 
and 1100 mm, while the PM below 10 pm increases 
from 16% to 42.5%. This suggests that it exists par¬ 
ticle fragmentation between x = 500 and 1100 mm 











3598 


F.F. Costa et al. I Proceedings of the Combustion Institute 35 (2015) 3591-3599 



Fig. 6. Size-classified PM concentrations at x = 500 mm and at x = 1100 mm for a wall temperature T„ = 1100 °C (a) 
pine shells, (b) torrified pine shells, (c) olive stones, and (d) torrified olive stones. 


for both biomass fuels (raw and torrified), but that 
particle fragmentation was not promoted by the 
torrefaction process. 

In the case of the raw olive stones (Fig. 6c) the 
particle burnout increases from 61.8% to 93.8% 
between x = 500 and 1100 mm, while the PM 
below 10 pm decreased from 10.5% to 7.1%; in 
the case of the torrified olive stones (Fig. 6d) the 
burnout increases from 55.9% to 86.1% between 
x = 500 and 1100 mm, while the PM below 
10 pm decreases from 12.5% to 10.3%. Against 
this background it can be concluded with reason¬ 
able justification that again particle fragmentation 
was not promoted by the torrefaction process, 
although in this case the particle fragmentation 
between = 500 and 1100 mm for both biomass 
fuels appears also do not occur. 


4. Conclusions 

The major conclusions from this work can be 
summarized as follows: 

1. The high heating value of the torrified biomass 
fuels are higher than those of the raw biomass 
fuels; specifically, for pine shells it increased by 
25% and for olive stones by 18%. 

2. Both the raw and torrified olive stones present 
particle burnout values significantly lower than 
those of the raw and torrified pine shells. In 
contrast with the torrified olive stones, the tor¬ 
rified pine shells require similar residence times 
to attain overall burnout values comparable to 
those of the untreated material. 


3. The kinetic data for both fuels, raw and 
torrified, indicates that the torrefaction reduces 
the activation energy of the present biomass 
chars. 

4. PM concentrations and size distributions made 
for all biomass fuels at 1100 °C in the middle 
and near the exit of the DTF indicated that 
torrefaction does not promote particle frag¬ 
mentation even for biomass fuels that present 
high tendency for it. 
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